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Introduction

» Direct photons provide a tool to test
Temperature
Collective flow development
Space-time dimensions of hot matter
Calibration of the initial state
* ALICE peculiarities compared to PHENIX, STAR, WA98

- Higher temperature => Higher thermal photon yield

- Higher Vs => better separation prompt and thermal photons

— Stronger ©° suppression => petter S/Bg ratio
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Photon measurement with ALICE

ALICE

Photon Conversion Method
(PCM)

» Good momentum resolution at
low p_

* High momentum reach is
limited only by statistics

* Low conversion probability
(~8.5%), coverage of full
azimuthal angle, |n|<0.9

* Low contamination of photon

B spectrum

run 104792, event 2248

PHOS
- Good energy resolution at high p_

» High photon registration efficiency, limited azimuthal angle (100°) and |n|<0.135
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Reconstruction of converted photon
ALICE

fiducial = ~~ VO algorithm
Z0one « Tracks with large impact
parameters are paired
» Select pairs with small Distance of
Closest Approach (DCA)
 Most abundant particle species

K’ A A,y

» Photon conversion probability in
In|<0.9 up to R = 180 cm saturates
at 8.5%

Photon identification

« Apply electron identification cuts
 Pair topology cuts
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Measurement of ©t° spectrum

x10? xa0® x10° HLICE
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10 1 1 photons
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TP DT independently to
PPy E,-276Tev ] reduce Sys.
1 uncertainties

2.0<p/'<2.5 GeVic 2025 GeVie
pp(s=276TeV . Pb-Pb S, = 2.76 TeV |
J L 60-80% J

counts
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Eur. Phys. J. C (2014) 74-3108

Both PCM and PHOS have comparable energy resolutions and
dependence on multiplicity.
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n° spectrum in Pb-Pb collisions

[ T T T TTTTT [T T T T T TTTTT T T T oo
0-5% Pb-Pb Y5, = 2.76 TeV r 9-10% Pb-Pb V5. = 2.76 TeV T 10-20% Pb-Pb V5. =276 TeV

MR R | s s M R R R
r 20-40% Pb-Pb ys5,, = 2.76 TeV
stat. syst.

10
p_r (GeV/e)
Eur. Phys. J. C (2014) 74-3108

Neutral pion spectra measured in Pb-Pb collisions with PCM and PHOS agree in all
centrality bins.
Good cross-check of both measurements
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Direct photon calculation

Ydirect > yincl - ydecay

Y., — measured photon spectrum
i — decay photon spectrum, estimated from cocktail simulation

0
yincl/ﬂ:meas - yincl
ydecay

R =

Y

/ 0
y decay T cocktail

Some uncertainties cancel in double ratio. Facilitates normalizations of decay
photon spectrum.

N _ 1
Y direct = Yincl — Ydecay _( 1- R_ ) Y inei

Y
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Double ratio and spectrum in pp %Xé

ALICE

pp, /s =7 TeV

ALICE

PRELIMINARY

—e— Direct photon double ratio
—— NLO prediction: 1 + (y

foru =0.5,1.0,2.0 P,

Illlll|lllllll|lll

direct,N LO/Ydecay)

Analyzed statistics 3.8-10°
Min.Bias events

In the ratio uncertainties
related to:
normalization,
n° measurement,
reconstruction efficiency

lllIIIl|IIl|lIIIIII

partially or exactly canceled

|III.I

Measurement is consistent

O

ydirect, NLO

Ry ,=1+

ydecay
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with zero direct photon yield

Measurement is consistent with NLO predictions

RHIC&AGS annual users meeting




Low mass virtual photons (e"e’)

1 dN

20 4m?2

N, dM. 3w M2

ALICE

om2\ 1 M2\°
1 € 1 — EE F M? 2
( —I_ MEQE> MEE ( MQ ) | ( EE)|

ALICE

PERFORMANCE

01/08/2012

Pb-Pb, \s\\=2.76 TeV
0-10% central

4.0 GeVic < p? < 6.0 GeV/c

e Unlike-Sign
— Like-Sign
| |
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N.M.Kroll and W.Wada,
Phys. Rev. 98 (1955) 1355.

(+) n° contribution decrease
with increase of m_

(-) big combinatorial
background, rapidly
increasing with multiplicity




Extraction direct photon contribution *

= | :
" ALICE preliminary —4— data
- pp, \s=7 TeV — £ air
= p°>0.2 GeV/c — (1-r)*f
C n®l<0.8

cocktail

- TCO
n,
-0

+

— cocktail sum

*.
r fy,dir 3

3-10° MinBias pp events (2010 sample)

June 9, 2015

ALICE

— measured distribution

v,combined

with subtracted combinatorial
background

f — estimated shape of

v,.decay

hadronic decays contribution

f — estimated shape of direct

v,decay

virtual photon contribution

)fy,decay-l-r fy,dir

fy ,combined =
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Direct photons in pp at Vs= 7 TeV

_ ALICE prellmlnary
_pp, \s=7 TeV

_+_ ,Ydlrect =r % ,Ylncl

ALICE

| ALICE preliminary

T I T T T

—+— virtual photons (1+r)

pp, Vs=7 TeV

. ¥ (PCM) + conversions (yinc/n°)/(ydecay/n°) 7]

d rect
g NILO (W v. )

® — u=0.5
i — u_1 0
° —u=h
] — u=2.0
°
°

direct photon ratio

95 % C.L.

o e e e

> 25 3 35 4
P, (GeV/c)

J.Phys.Conf.Ser. 446 (2013) 012049
J.Phys.Conf.Ser. 612 (2015) 1, 012028

Virtual and real photon measurements
agree within uncertainties
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Virtual photons in Pb-Pb e
ALICE

—IIII|IIIIIIlI|lIIIlIIIIlIIIIlIIIIlIIIIIIIIIIII—

ALICE Preliminary

—
o
\,

T =| W

Pb-Pb, s,,=2.76 TeV
0.4 < p? < 3.5 GeV/c, [i1°] < 0.76
1.0< pi™ <2.0 GeV/c

Full Runl statistics.

l IIIIIII|

—
(@)
(o]
&

raw yield ((GeV/c?)")

Huge combinatorial
background: after subtraction
only wide p_bins can be

analyzed.

4
.

<
(R

I IIIIIIII

Analysis is ongoing....

0-10%
& 20-50%

I [IIIIII|

0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
M. (GeV/c?)
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Double ratio in Pb-Pb

ALICE
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0-40% Pb-Pb, {Syy = 2.76 TeV 40-80% Pb-Pb, Sy = 2.76 TeV

ALICE ALICE

PRELIMINARY PRELIMINARY

—e¢— Direct photon double ratio
—— NLO prediction: 1 + (N

for u=0.5,1.0,2.0 p_

—e¢— Direct photon double ratio
—— NLO prediction: 1 + (N

for p=0.5,1.0,2.0 p,

coIIYdirect,pp,NLO/Ydecay) coIIYdirect,pp,NLO/Ydecay)
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12 14 0 1 2 3 4 5 6 7 8
P, (GeV/c) P, (GeV/c)

In central collisions In peripheral events
- double ratio agrees with N_ scaled pp » double ratio is consistent with no direct

NLO predictions; photon excess at any p_;
. atlow p_<2 GeV/c there is a ~20% - double ratio is also consistent with N__

excess w.r.t. NLO predictions. scaled pp NLO predictions

o
C;,n
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Direct photon spectrum in Pb-Pb

—
o
[

1 T 1 I T I T l 1 I T I 1 I 1 I

0-40% Pb-Pb, \/S_NN =2.76 TeV
ALICE preliminary
e Direct Photon
— NLO Vogelsang et al.
forun=0.51t02 P, (scaled pp)
Phys.Rev. D50 (1994) 1901-1916

--- extrapolation of NLO to low P,
a

USING S [ o)’

(GeV?2c?)

dN?
2n Ne, p dp_dy

—
o

—_
Q
(o]

E
10'2_5
E

10

10°E~ _ Thermal Shen et al.
arXiv:1308.2111

10°E= _.. Thermal Holopainen et al.
Phys.Rev. C84 (2011) 064903

2 4 6

IIIIIU|| IIIIIIII| IIIII|,|,|] IIIII|,|,|| IIII|,|,|,|| IIIII|,|,|| IIIII|],|,| IIIIIIII| IIIIIIII| LU

Both theoretical estimates of thermal photon yield
underestimate data by factor 2-10 at low p_<2 GeV/c.
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At high p_>4 GeV/c
spectrum agrees with N__
scaled NLO pp predictions.

Intermediate region — interplay
between prompt and thermal
(jet conversion, ...?)
contributions.




Direct photon collective flow

Inclusive photon collective flow contains contributions from
direct and decay photons:

dir deca
N NV

incl __ Yy y,dir_l_ Y Yy, decay
n ~ jpincl ' n incl " n
N N

Y Y

With the double ratio R and decay photon flow calculated
from cocktail, one can estimate the direct photon flow:
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Inclusive photon flow extraction

Collective flow is estimated using event plane method.
Inclusive photon flow is decomposed as N

dN 1
do 2

(1+Zn 2vncos(n(cp—‘PRP)))

where reaction plane is measured with one of 3
detectors

VZEROA: 2.8<n<5.1
VZEROC: -3.7<n<-1.7
TPC: -0.9<n< 0.9

Event plane resolution was estimated using
3-subevent method.

Cocktail simulations:
Use &* flow for estimate ©° one
Use KE_ scaling for other mesons

ALICE

0201~ ALicE preliminary o v} decay
" 0-40% Pb-Pb, |5, = 2.76 TeV
0.18 - V0 event plane

,incl
° VZ

0.16 |
0.14}

0.12:

0.10f

0.08 |

0.06
0.04

0.02f

0.00|||||||||||1|||||
1 2 3 4

° P, (GgV/c)
Above 3 GeV/c inclusive photons significantly
smaller than decay photons

Below 3 GeV/c consistent within uncertainties
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Direct photon flow v,

ALICE

ALICE preliminary | S b ooy (s.-278Tev
0-40% Pb-Pb, |s,, = 2.76 TeV , ALE proiminary
V0 event plane ] 1 ‘

— NLO Vogelsang et al.
forp=05t02 p, (scaled pp)
Phys.Rev. D50 (1994) 1901-1916

--- extrapolation of NLO to low p;

ing— 8
USING S (1 +x/o)

— Thermal Shen etal.
arXiv:1308.2111
--- Thermal Holopainen et al.
Phys.Rev. C84 (2011) 064903
PRI RS R H
2 4 6

Similar to the yield, direct photon flow at
low p_<2 GeV/c is underestimated by

theory calculations by a factor 2-10.

e ALICE preliminary
- - thermal(Shen et al.)

A —NLO (Vogelsang) + thermai(Shen et al ) Difference between data and theory is
- - thermal(Holopainen et al.)

- ----NLO (Vogelsang) + thermal(Holopainen et al.) 1 ~1-2 sigma: not very significant

L 1 1 L l L L 1 L I 1 L Il 1 I Il 1 L Il I Il Il L Il l

0 1 2 3 4

5 .
p. (GeVic) Careful error treatment is necessary
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Error propagation

L L L L B
0-40%, Pb-PDb, \ s, =2.76 TeV
14<p <16 GeV/c

VO event plane
ALICE preliminary

—varall —var vg"”c'

1 IIIIIIII

—varR  —var vz’bg

1 |III||I|

| R I RS ST A |

-

1 IIIIIIII 1 IIIIIIII 1 IIIIIII|

10.04 0.05 0.06 0.0/ 0.08 0.09 0.10 0.11

ALICE

,deca
- VY y

Assume R, v2’”°’, vzdecay to be

independent with uncertainties
described by Gaussians.

Due to the pole (R-1) resulting
(lower) distribution for vnd” will not

be Gaussian.
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\Y
2

comparison

0 40% Pb Pb \/_ 2 76 TeV
e ALICE decay cocktail

4 -]
IIZEIEEI EDI:*Z:E ]

ALICE preliminary
I I I l l I l I l I l I l I l I

Ly
o ALICE decay cockta|I + NLO ]
Phys.Rev. D50 (1994) 1901- 1916—

= ALICE decay cocktail + NLO
+ thermal (Shen et al.)

1 Il | Il | Il | 1 L I L Il L Il

arXIV 1308 2111
— Tt

* ALICE decay cocktail + NLO ]
+ thermal (Holopainen et al.) —
Phys.Rev. C84 (201 1) 064903

| Il | Il | 1 | 1 | L Il L Il | 1

0

1 2 3 4 5

ALICE

Compare inclusive photon

flow
,incl , model
(v =i ] o

where for VZY’”‘O"G' one can use cocktail,
cocktail+theory etc.

total

Cocktail does not reproduce v, *™

Cocktail+NLO agree with data

Cocktail+NLO+thermal (Shen et al.) agree
with data

Cocktail+NLO+thermal (Holopainen et al.)
somewhat under predict v,
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Triangular flow
[ ALICE

[ ] V. ’
0-40% Pb-Pb, (s, = 2.76 TeV s
L VO event plane

rrt+toj|r 1+ 1 |11+ 1111|111 1 T 1T T ] 11

0-40% Pb-Pb, \s,, = 2.76 TeV
¢ ALICE decay cocktail

o gt

ALICE preliminary

I
o ALICE decay cocktail + NLO
Phys.Rev. D50 (1994) 1901-1916

MW

PR I S S AN T ST AN TN T NS S
Tttt

. ——
= ALICE decay cocktail + NLO
+ thermal (Shen et al.)
arXiv: 1308 2111

WW

PR T T T I S SN S AN S T T T [T SRS (NS S S S AN SO S N
T T T T | T T T T | T T T T | T T T T | T T T T I T T T T
+ ALICE decay cocktail + NLO

+ thermal (Chatterjee et al.)

C arXiv:1401.7464

Jincl
° Vg

L

o b by by Iy

o

vincl . v,theo. ; tot. vincl y,decayy; tot.
(vy  -vy )et (vy vy )/ct°

5 6
P, (GeV/c)

v.incl | y,theo. tot.
(vy -vi T )/o'

Lol s b by !

Similar to elliptic flow, v,*"™ Is not reproduced

|

by cocktail v .

All models failed to reproduce v """ at low
p.<1 GeVi/c.
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Conclusions %Xé
ALICE

Direct photon spectrum in pp collisions at Vs=7 TeV was measured with real and virtual photons.
Double ratios obtained with two methods agree with each other and with NLO predictions.

Photon double ratios were measured in Pb-Pb collisions at Vs,,=2.76 TeV.

- In peripheral 40-80% collisions R, agrees both with no direct photon access and with scaled
NLO predictions.
- In central 0-40% collisions R, agrees with N, scaled NLO predictions at high p.>4 GeV/c

- An excess ~20% compared to N, scaled NLO predictions in R, has been measured in 0-
40% central Pb—Pb collisions at p;<2 GeV/c

A direct photon v, which is of similar size as the charged hadron flow has been measured in O-
40% Pb—PDb collisions

The magnitude of the systematic errors and the propagation of the errors from the Ry to both
measurements was discussed

A different method to compare data and theory for inclusive photon v, & v, measurements
avoiding pole 1/(R,-1) was presented.
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Cocktall

Meson (Cp)

Decay Branch

B. Ratio

Yy

e+e_~y

08.789%
1.198%

Yy

+
et
+

39.01%
4.77%
4.9.103

Ty
ey
™oy

9.9.10 >
7.9.10" %

nYy

8.5%
6.5 104

0
Py

Wy
Y

30.2%
3.01%
2.11%

(0.35)

nvy
71'0")/
wy

1.3%
1.25 - 10—-3
< 5%

sV (1.0)

A~y

100%

m,-Scaling:
Same shape of cross sections,
f(my), of various mesons

3
ELo% = C, - f(mr)
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ALICE

Use fit to measured ©° (Pb—Pb, pp) and n (pp)

Other particle spectra obtained via m_-scaling

of measured 1°

10

1

10

102

10

10*

10°

s

ALICE

PERFORMANCE

LI T T '|
all decay y
n’ — vy (e'e)

n - vy (T'y.eteyalyy)

o — 7% (1y)
n — py (@Y, YY)

26/07/2012

IIIIIII| IIIII|'|T| IIIII|'|T| TTT

o =y (n'y, ©oy)
p— Iy (%, Y)

Ilt IIII| IIIIIIII| IIIIILIJ] IIIIILIJ] | T

It

A

0-40% Pb-Pb, {s\ = 2.76 TeV

6
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Check of m_ scaling

¢ ALICE, pp Vs=7TeV
Phys.Lett. B717 (2012) 162-172

~ 10% of decay photons

Cocktail Calculations

-.-1 from pp Vs =7 TeV as input

- - nirom m_scaled 0

-...0-20% Pb-Pb {s,, = 2.76 TeV, 1 from K: scaled

10 12 14
p, (GeV/c)

+ ALICE preliminary, pp Vs =7 TeV

~ 1-3% of decay photons

e
o

__I.-II|III|III]-III

o
'y

Cocktail Calculations

o
)

- - o from my scaled n°

10

e
d-.,I T
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Cocktail: decay photon flow

ALICE

[ 0-40%, MC Pb-Pb, vs,,,=2.76 TeV _
L o s yy (e'ey) % .

: : 0 i " n— vy (Tmy.e'eynlyy)
Use charged pion v_to estimate ©° v_ o[ apommwyElyay) ALICE -

. . . . | — 1% () i
(flows agree within uncertainties) Lo pylavy) PERFORMANCE
- o ¢ mryiry.ny)
KE_ scaling: v_of mesons scales with KE ! s 8 g
T n T i l =

KE_.=m_—-m
T T

3 .
| | | L1 | | | L1 | | | | L1 | | | L1 | |

1 2 3 4 5
p, (GeV/c)
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Electron selection criteria
ALICE

Global Electron Selection Criteria
=z Both trac;ks originate from the same
e | w0 candidate
Pb-Pb {Syy=2.76TeV No kinks
] Opposite charge
Small R cut (R <5 cm)
TPC refit condition
Minimum momentum of 50 MeV/c
Minimum fraction of the TPC clusters
- | ] with respect to findable clusters due to
02 03 2 3 4 567890 20 conversion radius
p (GeV/c)

TPC dE/dx (arb. units)

PID Based Selection Criteria
no around electron energy loss hypothesis in the TPC dE/dx
TOF electron no selection (if information available)

After PID ~ 80% pure photon sample
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Pair selection criteria

Photon x?/ndf: Photon g;:

@ Based on a Kalman-Filter @ Transv. mom. component of
(AliKFParticle package) daughter relative to the VO

Measure for conversion likelihood: gr = p X sin(©mother—daughter)

, _ . 0
includes: zero V0 mass, pointing to Clear separation of v, A and K,
primary vertex, correct electron mass, - 029
mutual secondary vertex

Further Photon Selection Criteria:

@ Crosschecks for std. photon criteria

e Psi-Pair angle
opening angle perpendicular to B field

@ Cosine of pointing angle
pointing to the primary vertex

q1 -08-06-04-02 0 02 04 08 08 1

a = (p-p V(P +p,)
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Pair selection criteria

Photon %? Indf:

Based on a Kalman-Filter
(AliKFParticle package)

Measure for conversion likelihood:
includes: zero VO mass, pointing to
primary vertex, correct electron mass,
mutual secondary vertex

Further Photon Selection Criteria:
Crosschecks for std. photon criteria
Psi-Pair angle - opening angle
perpendicular to B field

Cosine of pointing angle pointing to
the primary vertex

ALICE

Photon q_:

Transv. mom. component of daughter
relative to the VO
)

q, = p x sin(©

mother—daughter

-
10
31" Bt 2 ,-'.

U.ﬂq1 -0.8 086 04 02 0 0.2 04 0.6 IJB

o= (p/-p J(p] +P]
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Material Budget

Performance of the ALICE :
Experiment at the CERN LHC - Data

arXiv:1402.4476 [nucl-ex] MG irue primary comersion

MC true secondary conversion
000 MG true n° Dalitz

MC true n Dalitz

MC true combinatorics

MC true hadronic bek

# 08 0 e e

e

~ Beam Pipe & SPD

g
g
i
- &

R TPC
SPD N drift gas

. TPC inner TPC inner
" field cage containment
vessel TPC Rods vessel

-100 100
X (cm)
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